A theoretical proposal to double the pulse repetition frequency by alternated current modulation of two orthogonal high order transverse modes of a vertical cavity surface emitting laser (VCSEL) is presented. Static and dynamic characteristics of weakly index guided VCSELs in a multitransverse mode regime are analysed. An e cient model that takes into account all the transverse modes supported by the waveguide is developed. Mode partition noise in a current modulated VCSEL is studied taking into account the azimuthal degree of freedom. Di erent transverse modes can be excited with a probability that is numerically calculated. For high injection currents modes that are not favoured in the steady state can be the ones excited with higher probability. The excitation probability is similar for azimuthally orthogonal modes. This symmetry can be broken by selecting a particular high order transverse mode by using azimuthal dependent current pro ling. This selection can be achieved over current ranges as wide as ten times the threshold current. Current modulation of this transverse mode is then analysed. Alternated current modulation of two orthogonal high order transverse modes is also studied. Alternated modulation of these modes can double the pulse repetition frequency obtained by modulating just one high order transverse mode, without increasing injected current density levels. This current induced spatial switching leads to high frequency beam steering in the laser azimuthal direction.
Abstract
A theoretical proposal to double the pulse repetition frequency by alternated current modulation of two orthogonal high order transverse modes of a vertical cavity surface emitting laser (VCSEL) is presented. Static and dynamic characteristics of weakly index guided VCSELs in a multitransverse mode regime are analysed. An e cient model that takes into account all the transverse modes supported by the waveguide is developed. Mode partition noise in a current modulated VCSEL is studied taking into account the azimuthal degree of freedom. Di erent transverse modes can be excited with a probability that is numerically calculated. For high injection currents modes that are not favoured in the steady state can be the ones excited with higher probability. The excitation probability is similar for azimuthally orthogonal modes. This symmetry can be broken by selecting a particular high order transverse mode by using azimuthal dependent current pro ling. This selection can be achieved over current ranges as wide as ten times the threshold current. Current modulation of this transverse mode is then analysed. Alternated current modulation of two orthogonal high order transverse modes is also studied. Alternated modulation of these modes can double the pulse repetition frequency obtained by modulating just one high order transverse mode, without increasing injected current density levels. This current induced spatial switching leads to high frequency beam steering in the laser azimuthal direction. 27] . Switching between orthogonal high order transverse modes takes several nanoseconds when it is induced by optical injection 28]. A particular high order transverse mode can also be selected near threshold by appropriate current injection pro ling 29] . Several mechanisms like current spreading and spatial hole burning (SHB) can limit the e ectiveness of this strategy of control. It is therefore pertinent to know the current range over which that transverse mode is selected. Also, as in the optical injection case, the switching time between orthogonal high order transverse modes selected by current pro ling is a quantity of interest. This time can be relevant in high speed beam steering applications since the high order transverse mode switching produce also a switching of the far eld distributions in the laser azimuthal direction. This occurs since high order transverse mode far eld distributions approximately maintain their near eld shapes.
Keywords
In the present work both problems previously mentioned will be addressed. First, the multitransverse mode regime is analysed from the static and dynamic point of view. A model including azimuthal and radial dependence of electric eld and charge carriers is presented. Light{current curves are presented for the case of lasers in which the modal gain is the dominant mechanism for the selection of transverse modes. Mode partition noise during current modulated operation of the laser is studied taking into account the azimuthal degree of freedom. The probability of excitation of a particular mode is numerically calculated. It is shown that for high injection currents modes that are not favoured in the static regime can be the ones excited with higher probability. The second problem addressed is the selection of a particular high order transverse mode by using azimuthally dependent current pro ling. This selection can be achieved over a wide current range. This range can be larger than ten times the threshold current. Current modulation of this transverse mode is then analysed. Alternated current modulation of two orthogonal high order transverse modes is also studied. Switching times between both transverse modes can be of the order of a fraction of nanosecond. Alternated modulation of these modes can double the pulse repetition frequency obtained by modulating just one high order transverse mode, without increasing injected current density levels.
The paper is organised as follows. In section II the two{dimensional model is formulated. Obtained static and dynamic results are then presented in section III. Also in this section statistical results concerning mode partition noise are shown. In section IV selection and modulation of high order transverse modes by current pro ling are presented. Finally, section V is devoted to summarise and discuss the obtained results.
II. MODEL
The model utilised in the present work incorporates both spatial dependence of carrier and optical eld pro les 13], 14], 30]. The cylindrical weakly{index guided VCSEL structure considered in the following analysis is illustrated schematically in Fig. 1 . of Ref. 13] . The refraction index at the core region, n core , is slightly greater than the one at the cladding region, n cladd , in such a way that the carrier induced changes in the refractive index are much smaller than the built{in refractive index di erence. Then, waveguiding properties of the laser are not signi cantly a ected by temporal changes in the carrier density. It is appropriate to utilize a cylindrical coordinate system, (r; ) to describe the spatial distributions of charge carriers and optical elds in the structure. The active region of the device is taken to be of thickness d and radius a. The laser cavity is de ned by two highly re ecting mirrors separated by a distance, L, along the longitudinal axis. We consider that the injected current is distributed with a pro le given by j(r; ; t). The (4) where N(r; ; t) is the carrier density, i mn (r; ) is the electric eld pro le of LP i mn mode, A is the di erential gain, and N 0 is the carrier density at transparency. Modal gain then represents the two{dimensional degree of overlapping between the mode intensity pro le and the carrier distribution. The numerical value and meaning of the other parameters can be found in Table 1 . Spontaneous emission noise is taken into account by including Gaussian noise terms with zero mean and a time correlation given by < i mn (t) j 
In order to determine the temporal evolution of the modal gain and power it is necessary to calculate the time development of the spatial distribution of the carrier density in the laser active region: for azimuthally independent modes. This equation can be solved by a two dimensional discretization of the space with its corresponding long computational time. Reduced calculation time can be obtained by increasing the number of equations and decreasing their corresponding dimensionalities. This reduction is useful for being able to study numerically two dimensional statistical problems in reasonable computer times. This is done by expanding the carrier density in this way: N(r; ; t) = 1 X k=0 R ck (r; t) cos(k ) + R sk (r; t) sin(k ) :
Following substitution of this expansion in the carrier continuity equation (10) We always consider initial conditions corresponding to below threshold operation. An azimuthally independent initial current distribution is also considered. Then the initial carrier density does not depend on the azimuthal coordinate, and hence R cq (r; t = 0) = R sq (r; t = 0) = 0, excepting R c0 (r; t = 0) = N(r; t = 0),
The previous set of equations is considerably simpli ed if the current distribution has a simple azimuthal symmetry since many of the integrals involving j(r; ; t) vanish. Then many of the functions R cq and R sq satisfy homegeneous equations remaining zero for all time. For instance, for radial dependent current injection, j(r; ; t) = j(r; t) only R c0 ; R c2 ; R c4 and R c6 are di erent from zero. The problem of solving the two{dimensional carrier continuity equation has then been reduced to solve four one{dimensional equations with the consequent diminution of demands upon computational resources. Numerical solutions of Eqs. (3), (8) In this section the static and dynamic behaviour of the VCSEL in the multitransverse mode regime is studied. Static behaviour is rstly studied by presenting Light-Current characteristics. These are obtained by integrating Eqs. (3), (8){(10) until a steady state is achieved. Results correspond to temporal averages in the steady state over times of the order of 50 ns. The injected current density is taken to be of the form j(r; ; t) = j R(r) where R(r) = 1 if r in < r < r out ; and 0 elsewhere. Here r in and r out are the radii of the ring contact over which the current is injected. In this section a uniform current injection over the active region (disc contact) is considered and therefore, r in = 0 and r out = a. In Fig.  2 (a) , the light{current characteristics of the device are given. For currents slightly above threshold, fundamental transverse mode appears since its modal gain is the highest as it is shown in Fig. 2 (b) . The intensity pro le overlaps in an optimal way with the carrier density because this is concentrated near the center of the laser due to the assumed disc contact geometry. At higher currents the increasing stimulated recombination of carriers produces a hole in the carrier pro le near the center of the device and LP c 11 and LP s 11 modes reach threshold. These modes are excited with similar power since the symmetry of the injected current does not privilege any in particular. Further increase of injected current also leads to the appearance of LP 02 , LP c 21 and LP s 21 in such a way that six transverse modes are able to coexist at the highest current value of the considered range.
Simultaneous lasing of several higher order modes results in intensity modulation of the total output power due to frequency beating. This modulation has been calculated by using eq. (2) and retaining all frequency terms. Total power oscilates around the power calculated by neglecting mode beating with a relative amplitude of around 15 %, for an injection current of 10kA=cm 2 . Frequency beating should be included in a dynamical description of the total power but in this work only the averaged steady state total power appears (Fig. 2) and this is not a ected by the beating. Temperature e ects modify the gain spectrum a ecting then to the transverse mode power partition. The importance of this e ect depends on the position of cavity resonances with respect to the gain emission peak. Small threshold current is obtained if cavity resonances are near the gain peak. When current increases thermal e ects make the gain curve to redshift with respect to cavity resonances. In the current range in which the previous detuning is not very strong transverse modal gains (and hence transverse mode partition) will be mainly determined by the spatial overlap between carrier density and transverse mode power pro les since di erences of material gains between transverse modes are small. For high currents detuning becomes stronger and transverse modes material gain decreases producing the thermal rollover observed in Light current characteristics 37]. At the same time di erences of material gains between di erent transverse modes become stronger and modes with longer wavelength will be favoured. Since LP mn mode wavelengths are such that 12 < 31 < 02 < 21 < 11 < 01 , it is expected that the relative contribution of each mode to the Light current curve increase in that order during the thermal rollover.
Results obtained by using this theoretical model describes well experimental results 6], 7]. In Ref. 6 ] it is shown that transient dynamics of the two lowest order transverse modes of a Quantum Well VCSEL is well described with the model. The model used in this paper goes beyond the two mode operation since many transverse modes appear with non negligible power when increasing the injected current. This multi-transverse mode operation also appears in Ref. 7] where the experimental small signal modulation response has been well described with the model. This rich multimode dynamics also appears in similar devices at high injection currents 8], 9], 26]. Dynamical behaviour of the multitransverse mode VCSEL is now studied by considering current modulation in the GHz range. A periodic return to zero (RZ) modulation format is simulated by taking j(r; ; t) = j(t) R(r) where j(t) is j high during 150 ps and j low during the following 150 ps. j high and j low values have been chosen to be above and below threshold current, respectively. Transverse mode resolved VCSEL output, modal gains and injected current are illustrated in Fig. 3 . In the short temporal series shown in this gure several modes (LP 01 ; LP c 11 ; LP s 11 and LP c 21 ) are able to achieve the highest power in a period. This indicates that transient mode partition noise is very important in the multitransverse mode regime as it has been experimentally shown in gain guided VCSELs 8] . Orthogonal modes (for instance, LP c 11 and LP s 11 modes) can be excited with similar powers (see the fourth period) or with very di erent powers (see sixth and seventh periods). This fact depends on the value of the modal gain at the beginning of the period, that is given by the previous dynamical evolution. The mode with the highest modal gain is, in most occasions (around 70 %), the mode that is going to be excited with the greatest power. Some other features become apparent from that gure. For instance, the probability of excitation of one mode if that mode had the highest power in the previous period is small. This happens because the excitation of a particular transverse mode in one period causes a high stimulated recombination in the zone where that mode has appreciable power. In the following period the modal gain of that mode has to begin from a small value and hence its excitation probability is small. Calculation of excitation probabilities during the turn{on of the laser (linear regime) for the case of the fundamental and LP 11 degenerate mode has been recently performed 38]. The extension of this calculation to the multitransverse mode nonlinear regime is now performed through the computation of the transverse mode excitation probability. This is de ned as the probability of having the highest temporal averaged power during one modulation period. In Fig. 4 this excitation probability is shown as a function of j high . For small injection currents only the fundamental, LP c 11 , and LP s 11 modes have an appreciable excitation probability. This probability depends mainly on the shape of the carrier density at the beginning of a modulation period. As in the static case, an increase of j high (for j high smaller than 10 kA=cm 2 ) causes that an initial carrier density with a deep hole near the center occurs more often. Then excitation probability of modes that overlap strongly with that carrier pro le (LP c;s 11 and LP c;s 21 ) increases. As expected, excitation probability of orthogonal modes is similar due to the azimuthal independence of the injected current and since spontaneous emission noise does not privilege statistically to a particular mode. The di erence observed in excitation probabilities at values below 10 ?3 between LP c 21 and LP s 21 is due to the poor obtained statistics (3 10 4 periods were simulated in obtaining these results). A change of tendencies of LP 01 and LP c;s 11 excitation probabilities is observed for j high larger than 10 kA=cm 2 . Two facts are noticeable for those currents: rst, excitation with an appreciable probability of LP 21 modes occurs (after LP c;s 21 , LP 01 use to appear); second, a double peaked output corresponding to the excitation of two di erent transverse modes in the same period occurs quite often (after these peaks LP 01 use to be excited). Both facts help in the recovery of the LP 01 excitation probability at high currents. For the case of strong injection current LP 02 is also excited and then until six di erent transverse modes can be observed. In this strong dynamical competition regime, modes that are not favoured in the steady state can be the ones excited with higher probability. For instance, at j high = 14kA=cm 2 , LP 01 and LP c;s 21 modes account for just 15 % of the total power in the steady state, while they have a 62 % of excitation probability.
IV. Selection and modulation of high order transverse modes
In this section we consider current pro les designed to excite a particular high order transverse mode. As seen from Fig. 5 excitation of LP c 11 mode over a wide current range (larger than 10 times the threshold current) is obtained by using a single contact placed where the mode has appreciable power. All other modes are not able to reach the threshold gain as it is seen from Fig. 5 (b) . Current injection is modelled by a current density pro le j(r; ; t) = j c (1 + cos2 )R(r), where r in = 1:1 m and r out = 2:6 m. This current pro le is illustrated in the left lower part of Fig.1 13] indicate that tailoring the injected current can also select the fundamental transverse mode over wide current ranges. Selection of the fundamental mode over more than 3 times the threshold current can be achieved by using a disk current injection of radius equal to just 3/4 the cavity radius 13]. An approximated way of knowing the impact of current spreading e ects on the e ciency of this transverse mode selection mechanism is by looking at changes in Light{Current curves when the current injection area is changed. Domain of LP c 11 mode over all current range is also obtained when r in = 0:5 m and r out = 3 m. For smaller r in or greater r out some other transverse mode begins to appear. Also the sinusoidal shape of the injected current can represent spreading in the azimuthal direction. This means that there is an appreciable range of injection areas in which this transverse mode selection mechanism can be e ective.
LP c 11 pulses can be obtained by changing the current, j c , in a periodic way as shown in Fig. 6 . Pulse repetition frequency, 5 GHz, is half the relaxation oscillation frequency, 10 GHz. These pulses are shown in Fig. 6a where j c is j high c during 100 ps and j low c during the following 100 ps. The temporal evolution of the injected current is also shown with a thin solid line in Fig. 6 (b) . The results shown correspond to j low c producing a better LP c
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May 29, 1998 DRAFT ON/OFF ratio for a xed j high c = 10kA=cm 2 . Power of the other modes is very small since their modal gains barely surpasses the threshold gain as shown in Fig. 6b . The placement of another current contact favouring the LP s 11 mode can increase substantially the pulse repetition frequency. The second contact is modelled by a current density j s (1?cos2 )R(r) that is illustrated in the right lower part of Fig. 1 . The modulation strategy consists in the alternated injection of high current in one contact while in the other the current is small. This kind of modulation is shown in Fig. 7 (b) . Alternate LP c 11 and LP s 11 pulse trains are obtained, each one with a pulse repetition frequency of 5 GHz. The alternated modulation produces a sort of time division multiplexed signal within the VCSEL with higher pulse repetition frequency. Then this signal can also be seen as a 10 GHz train of pulses of the same optical frequency providing that this frequency is equal for cosinus and sinus modes. However, frequency of both modes might not have the same optical frequency in real devices 9]. Device non{uniformities could lead to power pro les and frequencies of the modes di erent to the ideal ones. The model would be able to describe real devices only in cases where those non{uniformities were small. Then ideal mode power pro les would not di er in an appreciable way from the real ones and therefore modal gains obtained from the model would describe real modal gains. Slight non{uniformities does not a ect then the main result of the paper, that is the alternate current modulation of two orthogonal high order transverse modes, since this is caused by the modal gain modulation. Also the frequency di erence does not a ect the modulation of those modes since they do not have appreciable power at the same time and then beating between them is negligible. Fig. 7 (around 10 5 ) is much higher than the obtained with a single contact 10 GHz modulation (optimum ON/OFF ratio is 8 at j low c = 4kA=cm 2 ). The reason for this high frequency response is that while a pulse of one mode is being emitted the modal gain of the other mode is recovering (see Fig. 7b ). This process can be explained by looking at what happens when a LP c 11 pulse is emitted. The situation for the emission of the other mode is symmetric. When LP c 11 is emitted the modal gain of LP s 11 is increasing since the injected current in its contact is bigger. Also, the stimulated recombination of carriers induced by the LP c 11 emission is produced in a zone di erent from the area where the carriers that feed LP s 11 are. Then SHB induced by LP c 11 only slightly a ects the increase of modal gain of LP s 11 as it is seen from the small kinks of the modal gain in Fig.  7 (b) . Pulse repetition frequency obtained by alternated two contact modulation is twice the obtained with a single contact modulation with an increase of 1.4 times in the total current but without increasing injected current densities (see Figs. 6, 7 ). An increase of power and ON/OFF ratio and a decrease of pulse width can be obtained by increasing the time the current is applied in each contact. This is illustrated in Fig. 8 where the pulse train obtained when the current is maintained in each contact during 150 ps is shown. Typical gain switching pulses are obtained for each mode since carrier depletion due to stimulated emission begins to occur when the current is still high in its corresponding contact (see Fig. 8 ). Now the emission of a pulse of a particular mode a ects more the other mode through SHB mechanism due to the larger powers involved in the process. This e ect is shown in the more pronounced kinks of the modal gain appearing in Fig. 8 b. Fluctuations in height, width and time of emission of the pulses appear due to the e ect of spontaneous emission noise. Figures 7 and 8 show how the modulation scheme works well for several modulation frequencies: one output pulse is obtained while the current is kept constant in a contact. This optimum behaviour is obtained from 20 GHz to 6 GHz for the current value considered in both gures. At high modulation frequencies severe limitations will appear due to the reduction of ON/OFF ratios (ON/OFF 4; 70; 10 5 for 20, 15 and 10 GHz, respectively). At modulation frequencies smaller than 6 GHz excitation of several relaxation oscillation peaks will limit that optimum operation. Then there is a wide frequency range (of the order of 15 GHz) at which this laser could be used in an optimum way in data transmission systems.
ON/OFF ratio in
Current densities as the proposed in this paper could be obtained in di erent ways. One posibility is by creating two independently addressable contacts from one ring contact. With the rst contact an approximate 1 + cos(2 ) azimuthal dependence would excite the LP c 11 mode while with the second contact an approximate 1?cos(2 ) azimuthal dependence would excite the LP s 11 mode. It is noted that the precise sinusoidal azimuthal dependence is not essential in this switching mechanism since similar results to the ones presented in this paper are obtained for other current density pro les. This is shown by considering a rst (second) contact producing a constant current density if ? =4 < < =4 and 3 =4 < < 5 =4 ( =4 < < 3 =4 and 5 =4 < < 7 =4). Also distributions taking into account electrical crosstalk e ects give similar results as shown below. The only essential condition is the existence of a good overlapping between the power mode pro le and the injected current pro le. Also injection current pro les can be tailored by using intracavity contacts or adequate proton implantation 7], 39] Another posibility can be the modi cation of novel structures 40] by using contacts and current paths appropriated to the geometry proposed in the present paper.
Electrical crosstalk a ects the far eld distribution both in the steady and in the dynamical regimes. Crosstalk e ects are taken into account in an approximate way by assuming a current azimuthal dependence of the type 1 + cos(2 )=2 instead 1 + cos (2 ) . In this way a considerable amount of current generated by one contact is injected in the orthogonal mode. Light-current characteristics in Fig. 5 now changes since LP s 11 mode appears at high currents. Then at these currents crosstalk makes the LP c 11 far eld distribution to change to a far eld given by the contribution of both, LP c 11 and LP s 11 modes. Far eld also changes in the dynamical regime since ON/OFF decreases when electrical crosstalk is considered: ON/OFF is 2; 15; 3 10 3 for 20, 15 and 10 GHz, respectively (this results should be compared with the ones presented in the previous paragraph). It is noted that despite the detrimental e ects induced by crosstalk e ects the switching mechanism is still working well for modulation frequencies of the order of the relaxation oscilation frequency. Thermal lensing should not a ect strongly far eld pro les during the dynamical operation either. In this regime the contribution of the built-in index pro le and thermal lensing should result in an e ective azimuthally independent refraction index pro le. This pro le would con ne slightly more in the radial direction both LP c 11 and LP s 11 modes. Then far elds would change only slightly in the radial direction but no changes should be expected in the azimuthal direction, that is the essential one for the switching mechanism.
V. Summary and conclusions
In this work static and dynamic characteristics of weakly index guided VCSELs in a multitransverse mode regime have been analysed. An e cient model that takes into account all the transverse modes supported by the waveguide has been developed. Dynamical mode partition noise has been studied taking into account the azimuthal degree of free-dom. Until six di erent transverse modes can be excited with a probability that has been numerically calculated. It has been shown that there are regimes of mode competition in which modes that are not excited with large powers in the Light-Current characteristics can be the ones excited with higher probability during high frequency current modulation. Selection of a particular high order transverse mode by using current pro ling has been achieved over current ranges larger than ten times the threshold current. Current modulation of this transverse mode and alternated current modulation of two orthogonal high order transverse modes have been studied. Alternated modulation of these modes can double the pulse repetition frequency obtained by modulating just one high order transverse mode, without increasing injected current density levels. Far eld distributions of LP c 11 and LP s 11 modes have been found to be similar to the corresponding near eld pro les. They are also two lobed distributions with maxima appearing at 6 o angle. The proposed current induced switching between both high order transverse modes produce high frequency beam steering in the laser azimuthal direction. 
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